Summary
We describe a cell-free system that promotes TnICl transposition and transposon circle formation, a related intramolecular event. TnIO circle formation in vitro has been characterized in detail, and is shown to require a supercoiled substrate and to proceed in the absence of ATP. The reaction requires TnIO transposase protein, and either of two E. coli proteins, integration host factor (IHF) and HU, which are small DNA binding proteins that change the conformation of DNA. TnIO is composed of inverted repeats of insertion sequence ISIO. Pair-wise combinations of the IS10 "outside" and "inside" ends mediate distinct classes of rearrangements in vivo, and they exhibit different reaction requirements in vitro. In contrast to the TnIO reaction, which involves two outside ends, circle formation with two inside ends proceeds with a transposase fraction alone, in the absence of added host factors, and is inhibited by methylation of the dam site within each terminus. introduction Transposable elements are capable of translocating to many different sites; they can exercise profound consequences on the genome by promoting the transposition of other genes and by mediating chromosomal rearrangements (Kleckner, 1981; Grindley and Reed, 1985) . These events occur by pathways independent of general homoiogous recombination and require element-encoded transposase proteins. We describe below a system to study transposition of the transposon TnlO in vitro.
TnlO is a composite transposon; its ends are nearly perfect inverted repeats of the insertion sequence IS10 (Figure I ). These two IS10 sequences mediate transposition of the intervening nonrepeated material, which includes the genes for tetracycline resistance. A single elementencoded transposase function, required for transposition, is provided by ISIO-Right; ISlO-Left is functionally defective (Foster et al., 1981) . Both the "outside" and the "inside" termini of ISlO, defined with respect to their positions within intact TnlO, are active sites for TnlO-promoted DNA rearrangements (Ross et al., 1979) ; ISlO-Right is itself a fully functional insertion sequence capable of independent transposition (Roberts et al., 1985) .
TnlO and IS10 transposition are regulated by DNA adenine methylation (Roberts et al., 1985) . There are two dam methylation sites within ISlO-Right: one within PIN, the promoter for the transposase gene, and one within the inside terminus, where transposase presumably acts during IS10 transposition. Hemimethylation or the absence of methylation results in increased activity of each affected determinant. Roberts et al. (1985) have provided evidenlce suggesting that the promoter and inside end are coordinately activated following passage of the replication fork.
A number of transposition models have been discussed recently (reviewed in Kleckner, 1981; Grindley and Reed, 1985; Derbyshire and Grindley, 1986) . Different classes of transposons show distinct mechanistic features. Transposition of some elements involves specific replication of transposon sequences. In contrast, genetic experiments suggest that TnlO transposes by excision from the donor molecule and insertion into the target molecule without replication (Bender and Kleckner, 1986) . Additional observations support this view of TnlO transposition. First, a TnIO-promoted "transposon circle" has been identified in vivo; its formation involves double-stranded excision of the transposon from its donor molecule, an event that would be an essential feature of a nonreplicative transposition model . Second, the genetic and physical structures of intrachromosomal deletions and deletion-inversions can be explained most sirnply as "cut and paste" products Ross et al., 1979; Shen et al., 1987) . Finally, neither TnIO nor IS10 appears to promote cointegrate formation, a hallmark event of many elements that transpose by a replicative pathway (Harayama et al., 1984; Weinert et al., 198,4; Bender and Kleckner, 1986) .
Transposon circle formation figures prominently inI the work described below. The circle contains transposon soquences that have been excised from the plasmid backbone by double-stranded breaks at the transposon encis and then circularized by joining the S'and 3'ends of either one of the two strands (Figure 2) . Many of the circles also have an additional interruption in the unsealed strand. The other product of transposon excision and circularization is a linearized plasmid "backbone" fragment.
A number of observations suggest that transposon curcle formation is very closely related to normal transposition. It is seen with single copy chromosomal insertions of wild-type IS10 as well as with artificial constructions (M. A. Davis and N. K., unpublished data) and occurs iat frequencies similar to transposition in both cases. Furthermore, each perturbation of transposition in vivo examined thus far has comparable quantitative effects on transposon circle formation . Despite these biological correlations, the precise structure of the transposon circle has led us to propose thal: the structure is not an intermediate in transposition, but aside product resulting from the abortive attempt of an excised transposon to insert into itself .
These genetic and physical studies of TnlO transposition in vivo raise a number of interesting mechanistic issues that can only be addressed in a biochemical system. Such analysis has previously been described for only one bacterial transposon, bacteriophage Mu (Mizuuchi, 1983; Mizuuchi, 1984; . We report below the observation of two TnlO-promoted events in vitro: complete intermolecular TnlO transposition and the The transposon segment is excised from a circular plasmid by doublestranded cleavage at each end; the 5' and 3' ends of either strand are covalently joined. The resulting transposon circle in vivo contains additional interruption(s) in the unligated strand at specific preferred positions near the transposon termini . The other product of this reaction is a linear plasmid backbone. The different configurations of IS10 ends in substrate plasmids are diagrammed schematically. Numbers depict nucleotide positions within IS10 ( Figure 1 ). The outside end contains a potential IHF binding site, denoted by a double dagger. The dam site that controls inside end activity is denoted by a triangle. pNK926 is pNK925 containing a point mutation at bp 9, indicated as an asterisk.
formation of transposon circles. The latter reaction was especially attractive for initial assays of crude extracts due to its relative high efficiency, presumably because it is intramolecular and because the resulting circular structure is stable against nucleolytic degradation. We have proceeded to define the reaction conditions and protein requirements for circle formation in vitro, and these results are also described below.
Results
Assays of Transposase Activity In Vitro Two transposase-promoted recombination events, intermolecular transposition and intramolecular transposon circle formation, were detected when appropriate exogenous substrate DNA was incubated with crude extracts prepared from E. coli cells producing moderate levels of the TnlO transposase protein (see Experimental Procedures). Transposition was detected using the approach developed by Mizuuchi (1983) for the bacteriophage Mu system. A transposon consisting of a pair of minimal transposon ends, an amp' gene, and the replication origin of plasmid pBR322 moved from a plasmid donor molecule to bacteriophage h target DNA. After the transposition reaction, the h DNA was packaged in vitro into phage particles. h phages carrying amp' transposon insertions were recovered as drug-resistant transductants following infection of an appropriate E. coli strain. In the experiments described here, the transposon on the donor plasmid contained a pair of properly oriented TnlO ends, each containing the outer 70 bp of IS10 (analogous to the ends in pNK925 depicted in Figure 3 ). TnlO transposition was observed when this donor plasmid and target h DNA were incubated with the crude extract in a reaction mixture containing 25 mM HEPES (pH 7.5) 50 mM KCI, 5 mM MgCI,, 1 mM DTT, tRNA, BSA, 5% polyvinyl alcohol (PVA), and In the initial experiments, supercoiled substrate plasmid containing two outside ends was incubated with the extract in a reaction mixture containing 25 mM HEPES (pH 7.5), 50 mM KCI, IO mM MgCI*, 1 mM DTT, G=lNA, and BSA at 30% for 60 min. After the reaction, DNA was isolated and run uncut on an agarose gel, which was blotted and probed with sequences internal to the transposon. Figure 4A shows a series of such reactions with the crude extract. The reaction demonstrates an absolute requirement for transposase and genetically intact transposon ends. Transposon circles were observed in vitro with a wild-type substrate ( Figure 4A , lane 3), but not with a defective substrate containing in one terminus a mutation that abolished transposition of the same element in vivo (lane 4). Incubation of the substrate with no extract ( Figure  4A , lane 2) or with an extract producing no transposase or a mutant transposase (data not shown)1 resulted in no circle formation. Excision of the transposon circle from the substrate plasmid also produced a linear plasmid "backbone" that was detected when the reaction products were probed with appropriate sequences (data not shown).
Reaction Conditions for Transposon Circle Formation
TnlO transposon circle formation in vitro occurs under relatively simple conditions. The substrate pl,asmid must be supercoiled; no product is observed when the substrate is relaxed with eukaryotic topoisomerase I ( Figure 4B ). Experiments to optimize reaction conditions (data not shown) showed that the reaction occurred most efficiently near pH 7.5 and in moderate salt (50-100 mM KCI). High salt (150 mM KCI) was inhibitory. Mg*+ was absollutely required and could not be replaced by the divalent cations Ca*+ or Mn*+, or by the polyamine spermidine. In the presence of Mg*+, however, spermidine ha'd a substantial stimulatory effect and was added for some of the reactions discussed below. Most important, no requirement for ATP or other high energy cofactor was observed. Dialysis of the extract, depletion of endogenous ATP by reaction with glucose and hexokinase, or the addition of the ATP analog AMP-PNP had no effect on the level of product formation. Incubation at 28%, 30°C, and 32% was imore affective than incubation at 20% or 37%. Under optimal reaction conditions at 30°C, appearance of the product reached its maximal level 15 to 30 min after the reaction was initiated by addition of crude extract or transposase.
Fractionation of the Crude Extract into Transposase and Host Factor Fractions
Fractionation of the crude extract revealed that circle formation required not only TnlO transposase but hostencoded proteins as well. A fraction containing 80%-90% transposase could be obtained by sedimenting a French press lysate through a 5%-25% sucrose gradient. Under these conditions, transposase cosedimented with fragmented chromosomal DNA across the gradient, while bulk cellular proteins remained at the top ( The crude extract from cells overproducing transposase was loaded onto a 5%~25% sucrose gradient, as described in Experimental Procedures. Cellular proteins remained at the top of the gradient (right), while transposase sedimented across the gradient (arrow).
Fractions were collected and analyzed on a 10% Laemmli gel and then stained with Coomassie blue.
"transposase fraction" for further experiments. This pattern was abolished when the lysate was treated with DNAase I; transposase was then found in the gradient pellet, presumably aggregated (data not shown).
No circle formation occurred upon incubation of an outside end substrate with the sucrose gradient transposase fraction ( Figure 6 , lane 2). However, the reaction could be restored by the addition of host proteins extracted from E. coli cells producing no transposase. An initial crude host factor extract was prepared by polyethyleneimine (PEI) precipitation of a French press lysate. Factors capable of supplementing the transposase fraction were localized to the PEI pellet and could be recovered in a high salt wash ( Figure 6 , compare lanes 4 and 6). The host factor activity in this high salt wash was sensitive to trypsin (data not shown), indicating that at least one active component of this supplementing fraction was a protein. Two observations suggest that the host factors are relatively small (data not shown). First, in an ammonium sulfate fractionation, the host factors precipitated at 600/o-100% saturation. Second, the host factors were heat-stable; activity was retained when the extract was heated to 80%. In addition, their precipitation by PEI provided indirect evidence for an interaction with DNA. These points taken together suggest that the host-encoded proteins belong to a class of small, basic proteins that have been implicated in several recombination and replication reactions.
Characterization
of Host Factors We began our detailed analysis of host factors by assessing the role of one member of the class of heat-stable proteins alluded to above, integration host factor (IHF). IHF --+ u--u sup pel sup pel Host factor fractions were prepared from isogenic IHF+ and IHFstrains lacking transposase (see Experimental Procedures). Crude extracts were precipitated with PEI; the supernatant and resuspended pellet fractions were assayed for their ability to promote circle formation in the presence of transposase with the substrate pNK925. Lane 1, transposon circles generated in vivo; lane 2, transposase (1 Kg) alone; lanes 3,5, 7, and 9, transposase (1 pg) plus indicated host factor fraction (12 ug); lanes 4, 6, 8, and 10, transposase (1 Kg) plus indicated host factor fraction (24 Kg). sup, PEI supernatant; pel, PEI pellet washed with high salt.
was first identified for its role in phage h site-specific integration (Kikuchi and Nash, 1978) and is well characterized, both biochemically and genetically.
Two experiments strongly suggest that IHF is a host factor for TnlO circle formation. First, a host factor fraction made from IHF-cells was dramatically reduced in its ability to provide the required host-encoded components ( Figure 6 , lane 10). In contrast, the analogous fraction from the wild-type parent strain had full activity ( Figure 6 , lane 6). Second, purified IHF (a generous gift of H. Nash) added alone to the transposase fraction stimulated transposon circle formation (see Figure 8 , lane 2). The latter experiment demonstrates that IHF participates directly in the assayed reaction and excludes the alternative possibility that the deficiency of the IHF-crude extract reflects an indirect effect of IHF on synthesis or activity of other proteins.
Characterization of the residual host factor activity present in extracts of IHF-cells revealed a second host protein that can act with transposase to promote transposon circle formation in vitro. As shown below, this protein is the prokaryotic histone-like protein HU. HU is related to IHF in primary structure, but binds to DNA without appreciable sequence specificity (reviewed in Drlica and RouviereYaniv, 1987) . Host factor PEI fractions from the IHF-strain were prepared as described in Experimental Procedures. The heat-stable fraction was loaded onto a DE52 column, and bound protein was eluted with steps of increasing KCI concentration. Fractions were assayed in the presence of transposase for their ability to promote circle formation, with and without IHF. An activity effective in the absence of IHF eluted in the flow-through; this Vc fraction was then loaded onto a phosphocellulose column, and the purified protein was identified as HU. An activity capable of enhancing both IHF and HU action, referred to as factor Y (see text), eluted from DE52 between 100 and 300 mM KCI.
The stimulation of transposon circle formation observed with the IHF-extract ( Figure 6 , lane 10; Figure 8 , lane 3) is not due to residual IHF activity because the IHF-extracts were made from a himA hip double deletion strain that lacks both IHF subunits. When the IHF-extract was fractionated on DEAE-cellulose (DE52), only the flowthrough fraction was capable of promoting circle formation in the presence of transposase (Figure 7 ). This activity was purified on phosphocellulose and identified as HU by the following criteria: it exhibited the reported elution behavior with DEAE and phosphocellulose and comigrated with authentic HU (a gift of K. Mizuuchi) in 15% Laemmli gels as a characteristic doublet near molecular weight 10 kd, which represents the HU a and 3 subunits. Although we think it unlikely, we have not rigorously ruled out the possibility that a minor contaminant copurifying with HU is responsible for the assayed activity.
This HU protein purified from IHF-cells can act alone as a host factor in promoting circle formation (Figure 8 , lane 7). The apparent specific activity of HU is lower than IHF, as evidenced by a comparison of Figure 8 , lanes 6 and 7, which show the products of two reactions containing approximately equivalent amounts of IHF and HU, respectively. At nonsaturating levels, the effects of IHF and HU appear to be the simple sum of the individual effects of each protein alone (Figure 8 , compare lanes 6, 7, and 11; additional data not shown).
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-IX I -IHYIHI I X YYHH v There is a third stimulatory factor present in IHF-extracts, which we call factor Y. In the fractionation of the IHF-extract discussed above, this activity was clearly separated from HU in that factor Y was retained by the DEAE-cellulose and eluted in a salt wash between 100 and 300 mM KCI. Factor Y does not supplement transposase activity directly (Figure 8 , lane 89, but acts by enhancing the effects of IHF and HU (lanes 9-101 and 12). The level of enhancement was approximately 2-fold and slightly higher than that in reactions lacking spermidine. Factor Y activity was largely insensitive to protease treatment, and we have not characterized it further.
The combined effects of IHF, HU, and factor Y account quantitatively for all of the host factor activity contained in crude fractions. Specifically, a reaction containing the crude IHF-host factor fraction (Figure 8, lane 3) exhibited the same level of circle formation as a reaction with fractionated HU and factor Y in the amounts corresponding to their original levels in the crude fraction (lane 10). Furthermore, addition of purified IHF stimulated both reactions to the same extent (Figure 8, lanes 4 and 12) . When IHF was present in amounts corresponding to its level in a crude lHF+ host factor fraction, the level of circle formation with purified components was comparable to that observed with the crude IHF+ extract itself (data not shown).
Substrate Requirements for Host Factor Action IHF is a sequence-specific DNA binding protein (Craig and Nash, 1984) . After demonstrating the requirement for The consensus sequence is derived from binding sites reported by Craig and Nash (1984) , Leong et al. (1985) , and Gamas et al. (1987) .
IHF in TnlO circle formation, we searched for and identified a sequence homologous to the IHF consensus binding site near the outside end of ISIO, at bp 30-42 ( Figure  9 ). To assess the relevance of this sequence, the ability of each purified host factor to promote circle formation in the presence of transposase was tested using substrates retaining different lengths of the outside end ( Figure 10 ). These experiments show that the substrate requirements for IHF and HU action differ and that a deletion mutant lacking the potential IHF binding site no longer responds to IHF. 
Reactions Involving Two Inside Ends Occur with the Transposase Fraction Alone
In contrast to the findings presented above for TnlO-like substrates having two outside IS10 termini, substrates containing two unmethylated IS10 inside ends form transposon circles efficiently with the sucrose gradient transposase fraction alone (Figure 11, lane 3) . Very slight stimulation of this reaction was observed with both IHF and HU, and the two host proteins showed comparable weak effects. Since there is no apparent IHF site at the inside end of ISlO, IHF may be acting nonspecifically in this case.
Circle formation by the inside end substrate in vitro is subject to the same inhibition by dam methylation as originally documented for transposon-promoted events involving inside ends in vivo (Roberts et al., 1985; Morisato and Kleckner, 1984) . A substrate containing two fully dammethylated inside ends does not give rise to any detectable transposon circle product, even in the presence of transposase and all host factors ( Figure 11 In reactions with substratescontaining oneoutside end and one inside end, host factor effects are sensitive to the state of dam methylation within the inner terminus. The methylated substrate plasmid pNK1179 for reactions in lanes l-6 was isolated from a dam+ strain and treated with dam methylase; the unmethylated substrate for reactions in lanes 9-16 was isolated from a dam-strain. Protein additions are as follows: II-IF (0.15 pg), HU (0.15 pg), and factor Y (2 pg). Symbols are as follows: -(no host factor), I (IHF), H (HU), and Y (factor Y).
containing two outside ends: IHF, HU, and factor Y are all involved, IHF is more effective than HU, and factor Y has only a small effect (Figure 12) .
Circle formation by these IS10 substrates also exhibits rhe same inhibition by dam methylation as the substrate containing two inside ends. In the presence of host factors, the level of circle formation observed with a methylated substrate (Figure 12, lanes 1-8) is substantially lower than that observed with an unmethylated substrate (lanes 9-16). The difference in the level of product obtained with the two substrates in the presence of IHF alone is particularly striking (Figure 12, lanes 2 and 10) . Interestingly, with an unmethylated substrate, avery low level of product can be observed with transposase alone; with the methylated substrate, no product is detected in the absence of host factors.
iscussion
We have described a cell-free system capable of promoting TnlO transposition and the related intramolecular reaction, transposon circle formation. Circle formation has been characterized in detail and is shown to require a supercoiled substrate and to proceed in the absence of ATI?
The reaction is dependent upon TnlO transiposase protein.
The most significant finding of the work reported here is the absolute requirement for host factors in reactions involving two outside ends. TnlO circle formation requires either of two E. coli proteins, IHF and HU. Each protein provides host factor activity alone, and their individual effects are additive.
Two genetic observations suggest that 'TnlO-and ISlOpromoted recombination events in viva also involve IHF and HU. First, the frequency of TnlO-promoted rearrangements in vivo involving one outside and one inside end is reduced 5-to g-fold in an IHF-host (Roberts, 1986) ; similarly, circle formation is reduced with IHF-extracts, but is not eliminated, due to the lower level of alctivity provided by HU. Moreover, the frequency of TnlO-promoted rearrangements in vivo involving two inside ends is the same in lHF+ and IHF-hosts (Roberts, 1986) , just as transposon circle formation in vitro with two inside ends is IHFindependent. Second, deletion of the putative IHF binding site from the outside end of IS10 reduces TnlO transposition in vivo , just as in vitro (see above).
IHF is a sequence-specific DNA-binding protein that was originally characterized for its role in phage h sitespecific recombination. IHF contains two polypeptides, a and p (Nash and Robertson, 1981) , which are products of the bacterial himA and hip genes (Miller, 1984; Flamm and Weisberg, 1985) . During h integration, IHF binds to three sites in aRP (Craig and Nash, 1984) and participates in the formation of a higher order nucleoprouein structure, an 'atiP intasome." IHF has no detectable Uopoisomerase or endonuclease activity (Nash and Robertson, 1981) . It has recently been shown to cause localized1 bending of DNA (H. Nash, personal communication).
HU is an abundant, basic protein that compacts DNA contour length (reviewed in Drlica anld iRouviere-Yaniv, 1987) . It binds to DNA without appreciable sequence specificity and results in the formation of nlucleosome-like structures with altered DNA helical pitch @royles and Pettijohn, 1986) . HU shares structural homology with IHF. The crystal structure of the HU protein from Bacillus stearothermophilus has been determined (Tanaka et al., 1984) , and many residues that are involved in critical structures in this protein are conserved in the IHF a and b polypeptides. Functional cross-complementation of IHF by HU has been observed in the h site-specific recombination reaction (Gardner and Nash, 1986) . IHF and HU have been shown to participate as host factors in several other recombination reactions: IHIF in h integration (Lange-Gustafson and Nash, 1984) and HU in Hin inversion (Johnson et al., 1986) and Mu transposition . The results with TnlO reported here generalize the action of these proteins to yat another type of recombination element, a bacterial insertion sequence, and thus provide additional evidence for the widiespread involvement of these proteins in prokaryotic DNA breakage and joining events. IHF has been shown to bind to the termini of IS1 (Gamas et al., 1987) , although its involvement in transposition has not been fully characterized.
In the h, Hin, and Mu reactions, strand breakage and joining are carried out by the corresponding systemspecific protein(s), with IHF and HU playing auxiliary roles. The same is likely to be true for ISlO/TnlO transposition, especially in view of the observation that the enriched transposase fraction can promote inside end circle formation in the absence of added host proteins. Although further purification of this fraction is required before breakage and joining activities can be unambiguously assigned to transposase, the current preparation is at least free of detectable IHF or HU and contains no other protein at more than 1% the level of transposase. The fractionation of crude extracts reveals another property of the transposase protein. Transposase cosediments with DNA in a sucrose gradient, suggesting that the protein may have a high nonspecific affinity for doublestranded DNA, although specific binding to duplex DNA ends or to single-stranded regions is not excluded. This physical property may explain an unusual genetic feature of transposase protein. Transposase action at transposon ends occurs much more efficiently when the transposase gene is located close to those ends rather than far away (Morisato et al., 1983) ; because of the design of this experiment, preferential cis action reflects the failure of transposase to diffuse freely in three dimensions. High nonspecific DNA binding could restrict transposase movement to one-dimensional diffusion along DNA, as proposed for lac repressor and EcoRl (Berg et al., 1981; Jack et al., 1982) . On the other hand, transposase clearly can move at some rate from the chromosomal DNA in the extract onto exogenously added substrate molecules for circle formation and transposition reactions in vitro.
The observations reported here raise a number of interesting questions regarding the mechanism of host factor action: -At what step(s) are host factors required during TnlO and IS10 circle formation? In the absence of host factors, no products are detected. Not only are transposon circles not formed, no other intermediate structures are observed. This observation argues that host factors participate at an early step of the reaction and that they are required for transposase binding and/or strand cleavage. -At what sites do host factors act? The deletion analysis presented above is consistent with IHF interaction at an IHF consensus binding site within the IS10 outside end. However, the results argue rigorously only that sequences in the deleted region are required for IHF to have an effect. The site(s) for HU action remains to be determined; possibilities include specific recognition of the IHF site with low affinity, non-sequence-specific DNA binding and action, and/or non-sequence-specific DNA binding bu: productive action only at limited sites.
-By what mechanism(s) do the host factors act? IHF and HU are both proteins that effect local structural changes in the DNA upon binding. They could exert their effects entirely through such changes and/or by direct proteinprotein contacts with transposase. -How do the outside and inside ends differ? One of the most striking observations reported here is the requirement for host factor activity in reactions involving two outside ends and the apparent lack of any such requirement in reactions with two inside ends. A functional dissection of the two ends is required to address the question of this difference. The outside end may have "degenerated" from an independently functional end to one that is functional only in the presence of host factors; alternatively, the outside end may have acquired specific inhibitory sequences whose effects are overcome by host proteins. The two ends of IS10 share a terminal inverted repeat sequence that is 23 bp long with 6 bases of nonidentity. The difference between the two ends could result from these nonidentities or from differences farther into the element on either end.
The results presented above show that transposon circle formation proceeds in the absence of ATP or other high energy cofactors and requires that the substrate molecule be supercoiled. Both properties are observed with all three substrate configurations analyzed, regardless of the host factor requirements. These features are exhibited by nonreplicative Mu transposition (Craigie and Mizuuchi, 1986) and by several site-specific recombination reactions (reviewed in Craig, 1985; Sadowski, 1986) . The absence of an ATP requirement implies that all of the energy required for transposon circle formation is provided by the reaction components themselves. The substantial energy required for the particular step of single strand joining could come from one or more strand breakages, from loss of superhelicity, or from hydrolysis of bonds in the recombination protein itself. In the case of site-specific recombination reactions, strand breakage probably provides strand joining energy, which is transiently conserved in phospho-protein linkages analogous to those found in topoisomerase reactions (reviewed in Wang, 1985) . The overall free energy requirements for transposon circle formation cannot be evaluated until it is established whether transposase acts catalytically or stoichiometrically. Supercoiling of the substrate is required during Mu transposition and Tn3 resolvase recombination for proper synapsis of the two transposon termini (Craigie and Mizuuchi, 1986; Boocock et al., 1985) ; it is needed during In&promoted recombination for proper formation of a nucleoprotein structure at attP (Richet et al., 1986) .
Biological Implications TnlO promotes three distinct classes of DNA rearrangements: TnlO transposition, involving two outside ends; IS10 transposition, involving one outside end and one inside end; and TnlO deletion-inversions, involving two inside ends. Outside end activity requires host proteins, and inside end activity is controlled by DNA adenine methylation. Thus, each of these events could be regulated by its host factor requirement as well as the particular state of DNA methylation. The arrangement for IS10 may be a general feature of IS elements. The transposon Tn5 contains inverted repeats of the insertion sequence IS50. Genetic experiments have provided evidence for action of the host protein dnaA at the IS50 outside end, while dam methylation regulates inside end activity as in IS10 (J. Yin and W. Reznikoff, personal communication) .
If transposase can promote circle formation of inside end substrates in the absence of host factors, why have lSl0 outside ends evolved a requirement for host factors? We propose that the host factor requirement may exist for regulatory purposes; it may allow the host cell to have additional control over the timing of transposition beyond that provided by dam methylation. If intracellular levels of IHF vary with growth or environmental conditions, transposition would vary accordingly. A similar rationale for the involvement of IHF in In&promoted recombination has also been suggested (Bushman et al., 1985) . The possibility also exists that IHF regulates TnlO activity at the level of transposase transcription; the putative IHF binding site abuts the -35 region of the transposase promoter, PIN. It-IF is involved in the regulation of a number of bacterial and phage genes (Craig and Nash, 1984; Krause and Higgins, 1986 ).
Experimental Procedures
Media, Enzymes, and Chemicals LB and M9 were prepared as described by Miller (1972) . Restriction enzymes, DNA polymerase I, and T4 DNA ligase were obtained from New England Biolabs. DNAase I was obtained from Calbiochem. Yeast topoisomerase I was a generous gift of Tadaatsu Goto. PEI was obtained from Miles as a 50% solution; its pH was adjusted to 7.5 with HCI, and it was stored as a 10% solution. Phosphocellulose and DE52 were obtained from Whatman and prepared according to manufacturer's instructions. PMSF was obtained from Calbiochem. All other chemicals were obtained from Sigma.
Bacterial Strains
Plasmid DNA was routinely isolated from NK5830=fecA56 arg-A-/acproXlll nal' rif'/F'/acio L8pro. Unmethylated plasmid DNA was isolated from NK5772=dcm6 dam3 metB21 galK2 gafr22 lacy1 fsx78. The ssogenic set of IHF strains, obtained from Robert Weisberg (NIH), includes NK6117 (=RW1340)=ga/K gaIT supE supF trp met5 /ecY r-m+ and the IHF mutant NK6120 (=RW1912), which contains the parental markers and partial deletions in both the himA and the hip genes. Phage experiments were carried out with strains NK5012 (CGOO=thr ieu sull') and a lysogen with wild-type h, NK5012@112). Strains for in vitro packaging of h DNA were BHB2688 and BHE2690.
Plasmid Constructions pNK852 is the pTac-transposase overproducer, constructed by M. Sep tak from pNK474 (Morisato et al., 1983) by optimizing the distance between the promoter and lac Shine-Delgarno sequence.
pNK925, a substrate containing two IS10 outside ends, is a deletion derivative of TnlO* (pNK214) described by . On the TnlO restriction map , the Bell-Bglll fragment spanning ISlO-Right into the loop (bp 66-1942) and the internal Hpal fragment (bp 2576-4500) have been deleted. The remaining transposon flanked by the two 70 bp TnlO outside ends is 2 kb in length. pNK926 is identical to pNK925, except for a T-C transition at bp 9 in one 70 bp end.
Substrates retaining differing lengths of the outside end were constructed byaclal-Xbal deletion of previously described plasmids . pNK1271 (70 x 70) was made from pNK661; pNK1272 (62 x 62) from pNK612; pNK1273 (42 x 42) from pNK609; and pNK1274 (27 x 27) from pNK611. pNK1182, constructed by D. Roberts, contains a pair of IS10 inside ends flanking the Tn903 kanr gene with BamHl linkers (described in . The fragment containing the inside end extends from the Stul site in IS10 (bp 1022, converted to a BamHl site) to the Hindlll site (bp 2272) within the loop. pNKl179, constructed by D. Roberts, contains a minimal outside end, extending from the Bell site at bp 70, and an inside end flanking the Tn903 kanr gene described above, Preparation of Crude Extracts Strain NK5830, transformed with the pTac-transposase plasmid pNK852, was grown in M9 supplemented with arginine, Bl, and ampicillin (100 iLg/ml) at 37oC to OD595=0.6. Cultures were induced for transposase expression with the addition of IF'TG to a final concentration of 1 mM for 40 min, such that transposase constituted less than 'I% of the total cellular protein. Higher levels of induction, while yielding increased amounts of transposase, resulted in protein aggregation and IIDSS of activity. Cells were chilled and harvested; pellets were resuspended in l/300 vol of 25 mM HEPES (pH 7.5) and 1 mM EOTA and frozen in N8, All subsequent manipulations were carried out at 4OC. After the cells were thawed, immediately before lysis, the concentrated cells were adjusted to 50 mM KCI, 2 mM DTT, and 1 mM PMSF. The cells were passed through a French press at 12,000 psi. Cell debris was removed by centrifugation at 30,000 x g for 30 min. Neutralized PEI was slowly added to the supernatant to a final concentration of 0.5% and stirred ffor 15 min. Precipitated material was removed by centrifugation at 30,000 x g for 15 min. Extracts were aliquoted and frozen in NP.
Preparation of T-ansposase Fraction
The transposase fraction was obtained by loadong 100-300 ~1 of the crude extract on a 5 ml linear 5%-250/o sucrose gradient containing 25 mM HEPES (pH 7.5), 100 mM KCI, and 0.1 mM EDNA. Gradients were centrifuged at 40K in a Beckman SW50.1 rotor for 60 min (&=3 x lOlo) at 4°C. Fractions were collected through a 18 gauge needle and analyzed on a Laemmli gel.
Preparation of Host Factor Fraction Strains (NK5830, NK6117, and NK6120) containing no plasmid were grown in LB to OD595=0.8. Ceils were chilled and harvested; pellets were resuspended in l/300 vol of 25 mM HEPES (pH 7.5) and 1 mM EDTA and frozen in NP. All subsequent manipulalions were carried out at 4°C. The concentrated cells were adjusted to 50 mM KCI, 2 mM DTT, and 1 mM PMSF. The cells were passed through a French press at 12,000 psi. Cell debris was removed by centrifugation at 30,000 x g for 30 min. Neutralized PEI was slowly added to the supernatant to a final concentration of 1.0% and stirred for 15 min. The precipitated material was pelleted by centrifugation at 30,000 x g for 15 mlln; the supernatant was removed, and the pellet was resuspended in one-fifth the starting cell volume of 25 mM HEPES (pH 7.5), 0.8 M KCI, 1 mM EIITA, 1 mM DTT, 10% glycerol, and 1 mM PMSF. After stirring fi3r 10 min, the PEI suspension was cleared by centrifugation at 12,000 >: g for 10 min. The supernatant was aliquoted and frozen in NZ.
Fractionation
of the IHF Extract The host factor fraction from the IHF-strain NW120 was prepared as described above. The PEI pellet wash was diluted to a salt concentration of 200 mM KCI. Finely ground ammonium sulfate was slowly added, and the precipitate from 600/o-100% saturation was resuspended in 25 mM HEPES (pH 7.5), 50 mM KCI, and 0.1 mM EDNA and dialyzed. This concentrated extract was heat-precipitated at 65OC for 10 min. The heatstable fraction was loaded onto a 1 ml DE52 column. The flow-through was reloaded once, and the bound protein was eluted with steps of increasing KCI concentration (100 mM, 300 mM, and 600 mM) in a buffer of 25 mM HEPES (pH 7.5), 1 mM !JTT, 0.1 mM EIXA., and 5% glycerol.
Fractions were assayed for their ability to stimulate the transposase fraction, alone and in the presence of purified IHF. An activity capable of supplementing transposase in the absence of IHF, later identified as HU, eluted in the void volume. An activity capable of enhancing circle formation in the presence of IHF, referred to as factor Y, eluted between 100 and 300 mM KCI. The DE52 void volume fraction was then loaded onto a 1 ml phosphocellulose column and eluted with steps of increasing KCI concentration (100 mM, 350 mM, and 800 mM KCI) in a buffer of 25 mM HEPES (pH ZO), 1 mM OTT, 0.1 mM EDNA, and 5% glycerol. HU eluted between 350 and 600 mM KCI. This preparation was greater than 95% pure by Coomassie blue staining.
Protein Methods Protein concentrations were determined by ?he mc?thod of Bradford (1976) , using BSA as a standard. Protein samples were analyzed on stacking SDS polyacrylamide gels (Laemmli, 1970) . intermolecular Reaction The transposon donor plasmid pNK307 contains properly oriented ends from the outer 70 bp of TnlO, which flank pBR322, including ori and amp'. The transposon is 4.5 kb in length. The Hindlll fragment from Tn5 containing the kan' gene exists outside the transposon. In the control donor plasmid, pNK1247, one of the two ends has been deleted. The target molecule is hill (cl857 b515 b519), which is 89% of the wild-type length. The donor and target molecules were incubated in reaction mixtures with and without ATP, essentially as described by Mizuuchi (1983) . Transposition events were observed when pNK307 (1 Fg) and 1111 (2 Kg) were incubated with 20 pg of crude extract in a 20 pl volume that contained 25 mM HEPES (pH 7.5), 50 mM KCI, 5 mM MgCIz, 1 mM DTT, 100 Kg/ml tRNA, and 50 pglml BSA. No events were observed with the control plasmid, in the absence of PVA, or in reactions containing ATP and an ATP-regenerating system, presumably because of DNA degradation. The DNA from these reactions was phenol-extracted, ethanol-precipitated, and then packaged into phage particles by the two lysate system described by Maniatis et al. (1982) . After packaging, phage were mixed with a log phase culture of NK5012@112), grown 60 min at 30% and plated for carbenicillinresistant colonies. Titers from the packaging reactions were determined with NK5012 as an indicator strain.
In the experiment described in the text, the four carbenicillinresistant colonies were first tested for kanamycin resistance to determine whether the entire plasmid had recombined with the target DNA. All four colonies were Amp' and Kans. As expected for simple insertions, each Amp' transduct.ant carried the phage DNA as a plasmid because the pBR322 replication origin was transposed along with the amp' gene. This DNA was isolated from the transductant and physically analyzed by restriction digestion. Insertions were mapped to a particular Aval, BarnHI, EcoRI, Hindlll, or Hpal restriction fragment, and those coordinates are given within the text. Lysogens were induced by UV, and clear plaques at 42°C were picked and shown to be Amp'. In this assay, we cannot exclude the possibility that some final step(s) of the transposition reaction, e.g., limited repair synthesis, could be carried out by the phage packaging extract. Recently, Brown et al. (1987) have used a related assay to establish retrovirus transposition in vitro.
Southern Blot Assay for Transposon Circle Formation Supercoiled plasmid substrate (1 pg) was incubated at 30°C for 60 min with the specified proteins in a 20 11 reaction mixture containing 25 mM HEPES (pH 7.5). 50 mM KCI, 5 mM MgC12, 2 mM spermidine, 1 mM DTT, 50 pglml BSA, and 100 pglml tRNA. In the crude extract, 20 Kg of protein was added. In the fractionated system, 1 pg of transposase, 0.15 pg of IHF, 0.25 pg of HU, and 15 pg of IHF-extract were added. Reactions were stopped by the addition of 100 ~1 of 25 mM HEPES (pH 7.5) and 10 mM EDTA. These reactions were phenol-and etherextracted and ethanol-precipitated.
In some cases, samples were digested with proteinase K, in the presence of SDS, before phenol extraction.
These DNA samples were run on 1% agarose gels and stained with ethidium bromide before transferring to nitrocellulose (Southern, 1975) . In reactions using pNK925 and pNK926, filters were probed with the 1.8 kb Bglll-EcoRI fragment within the ret' region of TnlO. In reactions using pNK1182 and pNK1179, the probe was the BamHl fragment carrying the kanr gene from Tn903. In early experiments, transposon circles generated in vivo were used as a marker; DNA was isolated from strains harboring both pNK925 and a pACYC184 vector containing the pTac-transposase construction found on pNK852. The transposon product generated in vitro was shown to be circular by restriction digest analysis, and its mobility in agarose gels is consistent with that of a nicked species. We have not directly demonstrated the presence of secondary interruptions in the transposon circles generated in vitro, as reported for the transposon circles in vivo. In these Southern blots, supercoiled DNA shows the weakest hybridization and does not reflect its relative level as visualized by ethidium bromide staining. In Figure  48 , for example, supercoiled substrate represents 90% of the total DNA in lane 1. In certain blots, e.g., Figures 6 and IO, the most prominently hybridizing band is the open circle species. Serial dilutions of DNA samples on the same gel were used to estimate relative quantitative effects.
